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The flexoelectric and electronic properties of zig-zag graphene nanoribbons are explored under mechanical
bending using state of the art first principles calculations. A linear dependence of the bending induced out
of plane polarization on the applied strain gradient is found. The inferior flexoelectric properties of graphene
nanoribbons can be improved by more than two orders of magnitude by hydrogen and fluorine functionalization
(CH and CF nanoribbons). A large out of plane flexoelectric effect is predicted for CF nanoribbons. The origin
of this enhancement lies in the electro-negativity difference between carbon and fluorine atoms, which breaks the
out of plane charge symmetry even for a small strain gradient. The flexoelectric effect can be further improved by
co-functionalization with hydrogen and fluorine (CHF Janus-type nanoribbon), where a spontaneous out of plane
dipole moment is formed even for flat nanoribbons. We also find that bending can control the charge localization
of valence band maxima and therefore enables the tuning of the hole effective masses and band gaps. These
results present an important advance towards the understanding of flexoelectric and electronic properties of
hydrogen and fluorine functionalized graphene nanoribbons, which can have important implications for flexible
electronic applications.
I. INTRODUCTION
The coupling between polarization and strain gradients is
an electro-mechanical phenomenon, which can be observed
by bending a material. This is known as flexoelectricity,
which is present in a variety of materials including soft mat-
ter1–3, liquid crystals4,5 and crystalline materials6–10. The re-
distribution of charges induces flexoelectricity in materials
due to the appearance of strain gradients and it has two mi-
croscopic contributions — electronic and ionic. The pres-
ence of non-uniform strain in a dielectric solid redistributes
the ionic charges, leading to the appearance of ionic polariza-
tion, whereas the electronic polarization originates from the
arrangement of the electronic clouds in the material under ap-
plied strain. The dependence of the induced electric polariza-
tion upon mechanical deformation of a material is expressed
as11:
Pi = dijkǫjk + Fijkl
∂ǫjk
∂ǫk
, (1)
where Pi, ǫjk , dijk and fijkl are the components of the po-
larization, the strain tensor, the piezoelectric tensor and the
flexoelectric tensor, respectively.
Following the discovery of flexoelectricity it was found to
be a weak effect, which is hardly detectable in bulk materi-
als. Since the induced polarization depends on both the strain
gradient and the flexoelectric coefficient; a large gradient is
required to generate considerable polarization. A lot of recent
experimental efforts have focused on flexoelectricity in per-
ovskite thin films of (Ba/Sr)TiO3
8,12 where the strain gradient
was introduced during the epitaxial growth 13–15. Additionally
the recent discovery of strain gradient mediated photovoltaic
response in BaFeO3
16 has renewed the interest in flexoelec-
tricity.
Different from bulk materials, layered two-dimensional
materials (2D) are able to sustain large strain gradients and are
therefore expected to show strong flexoelectricity17–20. For in-
stance, graphene monolayer is one of the best known elastic
materials and it can sustain more than 10%mechanical strains
21,22. Together with these superior elastic properties, the re-
duced lattice symmetry of 2D materials makes them promis-
ing for piezo- and flexoelectric applications19,23,24. For ex-
ample monolayer MoS2
24,25 and its Janus structures24,26 ex-
hibit large out of plane piezoelectricity exceeding the most
common 3D piezoelectric crystal AlN27. Experimentally, the
electro-mechanical properties of monolayer MoS2 were ex-
plored by perturbing the structure by atomic force microscopy
and a large flexoelectric effect induced by the structural defor-
mation was proposed28.
Pure graphene, on the other hand, due to its centrosym-
metric nature (point group D6h) does not exhibit any piezo-
electric properties. Several studies have focused on improv-
ing electro-mechanical properties of graphene by breaking its
perfect planar symmetry in graphitic membranes29, carbon
nanocones30, carbon nanoshells31, nanotubes32,33, graphene
nanoribbon springs34, moire´ superlattices35 and by introduc-
ing various type of defects in perfect graphene sheet36. How-
ever, in all the above mentioned studies the flexoelectricity is
induced by symmetry breaking of π orbitals under structural
deformation which remains weak29–31,36. Besides mechanical
strains37,38 and graphene origami39–41, atomic functionaliza-
tion is another popular experimental technique for engineering
novel functionalities in graphene 42–47. Previous reports have
shown that the electronic properties of graphene can be mod-
ified by functionalization46,48,49. Functionalization has also
been used to induce piezoelectricity in graphene monolayer
by adsorbing adatoms (such as H, F, Li) on a single side of the
graphene monolayer50, or by co-adsorption of H and F51,52.
Here, by performing state of the art first-principles calcu-
lations we propose that the rather inferior flexoelectric prop-
erties of graphene zig-zag nanoribbons (ZNRs) can be sig-
nificantly improved in their hydrogen/fluorine functionalized
variants i.e in CH and CF nanoribbons. Due to the charge
and ion redistribution upon bending, these ZNRs exhibits a
net dipole moment which is linearly dependent on the applied
strain gradient. We further show that the flexoelectric proper-
2TABLE I. The monolayer in-plane lattice parameters (a, b), bond lengths (d) and zig-zag nanoribbons width (along the y direction), bending
stiffness (Cb), buckling height (∆bH), finite thickness of nanoribbons (t) total number of zig-zag chains in nanoribbons (Nchain) and out of
plane flexoelectric coefficient (Fzyzy) for C, CH, CF and CHF. The listed lattice parameters correspond to a rectangular unit-cell. The out of
plane flexoelectric coefficients are obtained by linear fitting of the induced polarization from Figure 3.
System a (A˚) b (A˚) ∆bH (A˚) width (A˚) dC−C (A˚) dC−H (A˚) dC−F (A˚) t (A˚) Cb (eVnm
2) Nchain Fzyzy (nC/m)
C 2.47 4.278 0 77.006 1.43 0.66 0.927 36 0.0004
CH 2.54 4.40 0.46 79.12 1.54 1.11 2.68 1.68 36 0.035
CF 2.60 4.50 0.49 81.06 1.58 1.38 3.25 1.76 36 0.062
CHF 2.58 4.47 0.47 80.44 1.56 1.11 1.39 2.96 1.43 36 0.167
ties can be further improved in CHF type Janus ZNR by break-
ing both structural and charge symmetry. The bending energy
of all ZNRs is small implying the feasibility of the proposed
bending scheme. Furthermore, the electronic properties and
hole effective masses can also be tuned by mechanical bend-
ing.
II. THEORETICAL AND COMPUTATIONAL DETAILS
We start from zig-zag nanoribbons of graphene (C),
graphane (CH), fluoro-graphene (CF) and hydro-fluoro-
graphene (CHF). The lattice parameters for the correspond-
ing monolayers and widths of the considered nanoribbons are
listed in Table I. The bent ZNR structures were created by
displacing the z positions of atoms with a quadratic func-
tion which depends on the y position of atoms (uz = κ
2
y2).
Here κ is the strain gradient of the bending plane defined as
κ = ∂
2uz
∂y2
. All the curved structures were generated by an
in-house developed python workflow utilizing the Atomsk li-
brary53. For all ZNRs the bending is applied along +z di-
rection. Additional details regarding the bending model em-
ployed here can be found in Refs.34,54,55.
These geometries were subsequently relaxed within density
functional theory (DFT) simulations. All DFT calculations
were performed within the Vienna Ab initio Simulation Pack-
age (VASP)56 by using the projector augmented wave method
with the Perdew-Burke-Ernzerhof (PBE) exchange correla-
tion functional57–59. Periodic boundary conditions were ap-
plied in the x direction to simulate the curvature of an in-
finitely long ribbon. A vacuum region of 25 A˚ was used
along y and z directions. The edges of all ZNRs studied here
were passivated with hydrogen. For the curved ribbons the
edge atoms were kept fixed along z and y direction during
structure relaxation while all interior atoms were fully relaxed
by using a conjugate-gradient scheme until the force on the
atoms were less than 0.01 eV/A˚. For flat ZNRs all atoms were
relaxed. A 15 × 1 × 1 k-point grid was used to sample the
Brillouin zone and energy convergence criteria of 1×10−5
was used during the structure relaxation. These calculations
parameters and convergence criteria are standard and similar
to those used in previous studies on mechanical properties of
graphene and other related 2D materials60,61.
As discussed in the previous studies54,55 the applied bend-
ing perturbation only induces the yz strain component and
the strain gradient term (
∂ǫyz
∂ǫy
), whereas the remaining com-
ponents of the strain and strain gradient tensors are zero54,55.
Therefore, the total induced polarization (PZ ) given by Eq.
(1) can be rewritten along the z-direction as:
PZ = dzyzǫyz + Fzyzy
∂ǫyz
∂y
, (2)
The dipole moment along the z direction (Dz) was calcu-
lated with respect to the center of mass of the unit cell for all
the systems. For dipole moment calculation a dense k-grid
(51× 1 × 1) along with a high energy cutoff of 550 eV were
used. Subsequently, the vertical polarization of the curved
structure was estimated by Pz = Dz/V , where V is the ef-
fective volume of the flat ZNRs. Although the exact value of
thickness (t) for monoatomic layers such as graphene is debat-
able29,62,63, here we assume a thickness of 0.66 A˚ (the spatial
extent of the graphene pz orbitals) for graphene ZNRs. For
functionalized ZNRs thickness is defined as the distance be-
tween outer most atoms as described in the Figure 1 (b). The
effective thickness employed in this work for all nanoribbons
is listed in the Table I. This effective thickness was used in
calculations of effective volume of nanoribbons for describing
the induced polarization.
III. RESULTS AND DISCUSSIONS
A. Bending stiffness
The relaxed structural parameters of C, CH, CF and CHF
2D layers corresponding to a rectangular unitcell are listed
in Table I. The most energetically favorable configuration for
H and F co-adsorbed graphene monolayer (CHF structure in
this work) was previously explored by Reed et. al. 50,51.
They showed that the structure with hydrogen and fluorine
being adsorbed on alternating atop carbon sites (the so called
chair configuration) is energetically most favorable. We use
this configure for creating the CHF structure. The various
structural parameters are highlighted in Figure 1(a-c). Among
these monolayers, graphene has the smallest and CF has the
largest lattice parameter. Due to its higher electro-negativity,
F induces larger buckling (0.49 A˚) than hydrogen (0.46 A˚).
The induced charge distribution of all these monolayers is
3FIG. 1. Top and side view of monolayer structures of (a) C, (b) CH and (c) CHF. C1 and C2 represent carbon atoms (brown circles) connected
to hydrogen (pink circles) and fluorine (cyan circles), respectively. The zig-zag and armchair directions are denoted as X and Y, respectively.
The zig-zag nanoribbons were generated by including periodic boundary conditions along the x direction and nanoribbon width is along the y
direction. t in the part (b) is the distance between bottom and top H atoms described as the thickness of functionalized nanoribbons. (d) The
charge density difference of C, CH, CF and CHF monolayers, plotted at an isosurface value of 0.013 e/ A˚3. Red and green color present charge
accumulation and depletion. The symmetric charge distribution of C-H and C-F bonds is broken in CHF monolayer, resulting in a induced
dipole moment.
shown in Figure 1(d). Even with complete hydrogenation or
fluorination the centrosymmetry of the system is preserved
and the charge distribution is symmetric. However, due to
large electro-negativity difference H and F co-adsorption on
graphene monolayer (CHF monolayer) breaks the symmetry,
which results in a net dipole moment of 0.48 eA˚. Furthermore,
the Janus CHF monolayer has asymmetric bond lengths and
bond angles. As explained later this will have important con-
sequences on out-of-plane flexoelectricty. These monolayers
are repeated along the x direction to create ZNRs with a fi-
nite width along the y-direction. The width of all the ZNRs
studied here is listed in Table I.
Next, we calculate the bending energy and bending stiff-
ness of C, CH, CF and CHF ZNRs subjected to the bend-
ing perturbation described above. Within the strain gradient
range explored here the bending energy of all ZNRs is smaller
than 18.32 meV/A˚2 — the van der Waals binding energy of
bulk graphite60,64. This small energy implies that the bend-
ing scheme employed in this work can be readily achieved
via mechanical bending or can be introduced during growth.
The bending stiffness (Cb) is calculated by taking the second
derivative of the strain energy on a per atom basis (energy dif-
ference between the flat and the bent ZNRs divided by the
number of atoms) with respect to the strain gradient (κ) as
shown in Figure 2(a). The lowest bending stiffness of 0.927
eVnm2 is obtained for C ZNRs, followed by CH, CHF and CF
ZNRs. Note that the bending stiffness values obtained here are
higher than the previously reported values65–67 for graphene,
where the bending scheme was related to the generation of
carbon nanotubes. However, the bending scheme employed
in this work displaces the atoms only along the z direction re-
sulting in higher perturbation of bond lengths and therefore a
larger bending stiffness is obtained.
B. Bending induced strain and flexoelectricity
As alluded before the bending model employed here in-
duces a strain in yz direction and a strain gradient
∂ǫyz
∂y
in
the yz direction and that in-turn gives rise to induced polar-
ization along the z direction. Figure 2(b) shows the linear
dependence of ǫyz with respect to y atomic positions for CHF
ZNRs at 0.0073 A˚−1 strain gradient. The inset of Figure 2(b)
presents the ǫyz strain component projected onto CHF atomic
structure. The atomic strain at site i is computed according
to68–70
ǫi =
1
2
[(Fi)
TFi − I], (3)
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FIG. 2. (a) Strain energy as a function of applied strain gradient (κ)
in C, CH, CF and CHF zig-zag nanoribbon. The symbols represent
the calculated values, while the solid lines are cubic polynomial fits.
The inset in (a) shows a schematic of the applied bending scheme.
(b) Variation of ǫyz with respect to Y atomic positions. The inset in
(b) shows top and side view of induced atomic strain projected onto
the atomic sites of CHF ZNR at a κ value of 0.0073 A˚−1.
where F is the deformation strain gradient tensor and I is the
identity matrix. As reported previously54,71 the strain induced
in the yz directions varies linearly, indicating the symmetric
nature of induced deformation. Therefore, any contribution to
the induced polarization due to ǫyz in Eq. 2 is eliminated.
Accordingly, the flexoelectric response (Fzyzy) is described
as the induced polarization due to a strain gradient, which in
this case can be described as54,55,71:
Pz = Fzyzy
∂ǫyz
∂y
(4)
From the slope of Figure 2(b) we can obtain κeff (
∂ǫyz
∂y
), which
includes the effect of structural relaxation on the applied strain
gradient. For instance, the slope of Figure 2(b) gives κeff as
0.0035 A˚−1, which is ∼ 3.5% smaller than the actual applied
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FIG. 3. Induced out of plane polarization (Pz) vs curvature for C,
CH, CF and CHF zig-zag nanoribbons. Symbols are calculated val-
ues and lines are linear fit. The inset gives the out of plane flexoelec-
tric coefficient (F zyzy) derived from the slope of the linear fit. Note
the log y-scale in the inset. For the case of CHF, the flat nanorib-
bon also has finite non-zero dipole moment (polarization) and the
induced polarization plotted is with respect to flat nanoribbon.
κ/2. Similarly, we find that for all the systems studied here
κeff is 2-5% smaller than the initial applied κ/2. This κeff is
subsequently used in the calculation of the flexoelectric coef-
ficients.
1. Flexoelectricity in C, CH and CF zig-zag nanoribbons
The estimated induced polarization (dipole moment per
unit volume) is plotted in Figure 3 as a function of κeff .
As expected, with increasing κeff , due to higher non-linear
strain gradients, the magnitude of induced polarization also
increases. The out of plane flexoelectric coefficient can then
be obtained by linearly fitting the induced polarization, which
is plotted in the inset of Figure 3. The lowest flexoelectric
coefficient was observed for graphene ZNRs, followed by CH
and CF ZNRs, respectively. For graphene ZNRs the calcu-
lated flexoelectric coefficient is 0.0004 nc/m. Initially, for the
flat graphene ZNR the out of plane dipole moment is zero,
however as the graphene ZNR is bent the π-σ interactions be-
gin to increase, which induces a net non zero dipole moment
along z direction. To analyse the effect of strain gradient on
the induced polarization, the electronic and ionic components
of the dipole moment were calculated within the Berry phase
method72–74. We find that for graphene nanaribbons with in-
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FIG. 4. Redistribution of Bader charges (∆BC in the unit of electron
charge) with respect to flat ribbons at a κeff of 0.0041 A˚
−1 for (a)
C, (b) CH, (c) CF and (d) CHF. As can be seen the symmetries of
charges is broken under the applied strain gradient.
creasing κeff the ionic component of the dipole moment ex-
hibits a larger change than the electronic part of the dipole
moments. Moreover, as the κeff increases, the contribution
from the electronic component becomes much more impor-
tant. For example, for a strain gradient of 0.002 A˚−1, while
93.4 % of the total dipole moment has an ionic origin, only
5.6 % has an electronic one. When the κeff increases to 0.004
A˚−1 the contribution of ionic and electronic component of the
dipole moments becomes ∼ 91.1 % and 7.9 %, respectively.
The increase in electronic dipole moment with bending can be
attributed to the enhanced π-σ interactions originating from
strain gradient driven sp2 to sp3 hybridization transition 20,31.
This is also in agreement with a recent study on graphene
where the polarization was calculated from a charge-dipole
model20,54.
As shown in Figure 3 the induced polarization for CH and
CF ZNRs is much larger than that in graphene ZNRs. The
higher induced polarization results in larger F zyzy values of
0.035 nC/m and 0.062 nC/m for CH and CF ZNRs, respec-
tively. Structurally there are two main differences between C
and CH/CF ZNRs; (i) H or F atoms induce buckling (0.46-
0.49 A˚) in the flat graphene sheet and (ii) the out of plane CH
bonds provide additional avenues for tuning the charge trans-
fer under mechanical bending. As previously noted for buck-
led silicene54 such structural buckling is useful for generating
higher flexoelectricity.
To investigate the effect of H/F atoms on flexoelectric prop-
erties we next analyse the Bader charges75,76. Initially, for the
flat (κeff = 0) CH and CF ZNRs, the Bader charges of both
top and bottom H (−0.11e) and F (−0.52e) are equal. As the
bond lengths between top and bottom H (F) and C atoms are
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FIG. 5. Effect of applied displacement field (κeff = 0.0041 A˚
−1) on
the C-C bonds in (a) C, (b) CH, (c) CF and (d) CHF. For compari-
son the C-C bond length in the flat C, CH, CF and CHF ribbons are
1.426, 1.51, 1.52 and 1.53 A˚, respectively. Upon bending the equal
C-C bonds in the graphene unit cell become different. At the same
value of κeff a maximum and minimum variation in bond lengths is
observed in CHF and C, respectively.
the same, the dipole moment of C-Hbottom (C-Fbottom) bond
cancels the dipole moment of other C-Htop (C-Ftop) bond,
resulting in a net zero total dipole moment. The charge sym-
metry of these top and bottom C-H or C-F bonds is perturbed
under applied strain gradient. The changes in Bader charges
with respect to flat ZNRs at κeff of 0.0041A˚
−1 are shown in
Figure 4.
As can be seen, the bending modifies the bond lengths
(shown in Figure 5), therefore resulting in charge redistri-
bution within the ZNRs. The magnitude of this charge re-
distribution is directly proportional to κeff . For example, in
graphene ZNRs (Figure 4) at κeff = 0.0041 A˚
−1, the charge
redistribution varies between −0.075e and 0.075e, resulting
in a finite induced dipole moment. When bending is applied
to the CH or CF ZNRs, along with C-C bond lengths, the out
of plane C-H and C-F bond lengths also change. The C-C
bond lengths at κeff = 0.0041 A˚
−1 are shown in Figure 5(a-d).
The larger bond length perturbation results in a larger redis-
tribution of charges under bending. For instance, at the same
κeff (0.0041 A˚
−1) for CF monolayer the change in the Bader
charges varies from −0.15e to 0.15e, which is much larger
than in the graphene ZNR. Therefore, for similar κeff , higher
induced polarization is observed in CH and CF ZNRs, imply-
ing larger out of plane flexoelectric coefficients.
2. Flexoelectricity in CHF zig-zag nanoribbons
We next explore the possibility to enhance the flexoelec-
tric properties of graphene ZNRs by dual functionalization
i.e. creating CHF type ZNRs as shown in Figure 1(c). Due
to the large electro-negativity difference between H (2.2) and
F (3.98); the CH and CF bond lengths in a CHF monolayer
are very different (Table I). The charge density difference in
a CHF monolayer is shown in Figure 1(d). As can be seen
from Figure 1(d) for CHF monolayer the charge symmetry
of C-H and C-F bonds is broken. The Bader charge analy-
6FIG. 6. Bending effects on the electronic structure of zig-zag (a) C,
(b) CH, (c) CF and (d) CHF ZNRs at selected effective strain gradi-
ent (κeff ). The atomic projected eigenvalues are shown in different
colors.
sis shows that both H (−0.11e) and F (−0.54e) atoms in the
flat CHF ZNRs are negatively charged. Whereas, the aver-
aged Bader charge on the C atoms connected to H is 0.11e
and for those connected to F is 0.54e. Therefore, the local
dipole induced in C-F bonds dominants over the C-H bonds,
resulting in a net dipole moment. When the CHF ZNR is bent,
the charge asymmetry in the buckled carbon layer is further
increased. Due to the large electro-negativity difference be-
tween F and H atoms, the C1 atom (the carbon atom attached
to H, as marked in 1(c)) and C2 atoms (carbon atom bonded
to F) experience different perturbation, resulting in different
charges on these atoms. When the ZNR is bend (κeff = 0.0041
A˚−1) the charge in the CHF ZNR at the C1 site is enhanced
by 20%, while the charge at the C2 site decrease by 12%. The
corresponding number for CF ZNRs at C1 and C2 sites are
5% and 3%, respectively at the same κeff . Therefore, for the
same κeff CHF ZNRs have higher induced polarization, im-
plying an even larger flexoelectric coefficient. From the linear
fitting of induced polarization our calculations predict a Fzyzy
of 0.167 nC/m, which is nearly 2.5 times larger than the Fzyzy
value for CF.
For CH and CF ZNRs due to the identical C-H or C-F
bond lengths at the flat state the bending along ±z direction
is equivalent. However in the case of CHF ZNRs, C-F bond
lengths are larger than C-H bond lengths, therefore bending
along+ or−z direction may be energetically different. To in-
vestigate this further we compare the bending energy of CHF
ZNRs along+z (bending is applied towards H atoms) and−z
direction (bending is applied towards F atoms). We find that,
bending along the+z direction (along C-H bonds) is energet-
ically favorable and the energy difference relative to −z di-
rection is ∼ 510 meV per unit cell (3.53 meV per atom basis)
at κeff = 0.0041 A˚
−1. Nonetheless, we computed the induced
polarization of CHF ZNRs under bending along −z direction
and find a Fzyzy of 0.154 nC/m. This value is comparable
to the 0.167 nC/m, which is obtained for bending along +z
direction.
Furthermore, to investigate the effect of the width of ZNRs
on flexoelectric properties, additional calculations were per-
formed for larger width CH and CHF ZNRs (w = 182.374
A˚ for CH and w = 184.87 A˚ for CHF). For these larger width
CH and CHF ZNRs the calculated Fzyzy are 0.038 nC/m and
0.175 nC/m, respectively. These Fzyzy values are compara-
ble (within 8 %, and 5 % for CH and CHF respectively) to
the values computed with the smaller widths ZNRs listed in
Table I. Therefore, the width of ZNRs simulated here is likely
large enough to eliminate finite size effects on the flexoelectric
properties.
C. Effect of bending on the electronic properties
Mechanical bending also impacts the electronic proper-
ties as it can induce localization/delocalization in the elec-
tronic charges and modify hybridization. This change in the
charge distribution leads to modifications of electronic prop-
erties such as the effective mass and band gap. The effect
of bending on C, CH, CF and CHF ZNRs band structures is
shown in Figure 6(a-d), respectively at selected κeff values.
Here atomic projected eigenvalue values are also shown in
different colors. The variation of band gap as a function of
κeff is shown in Figure 7(a). Bending has no significant ef-
fect on the electronic properties of graphene ZNRs and with
bending the band gap reduces by 0.032 eV as shown in Figure
7(a). The electronic structure of graphene is mainly sensitive
to uni-axial in plane strain, twisting77 The bending scheme
7ff fiflffi  !"#
eff×1$
1(Å 1)
2.5
3%&
3.5
B
a
n
d
g
a
p
 (
e
V
)
0.00 0.02 0.04
eff × 10
1(Å 1)
0.6
0.4
m
h
0.00 0.02 0.04
eff × 10
1(Å 1)
0.4
0.6
0.8
1.0
m
e
(a)
(b)
C
 B
a
n
d
g
a
p
 (e
V
)
c
0.1
0.2
CH
C
FIG. 7. (a) Calculated band gaps as a function of effective strain
gradient (κeff ) for C, CH,CF and CHF zig-zag nanoribbon. The band
gap of C nanoribbons is shown on right y-axis. (b) Variation in the
hole (mh) and (c) electron effective mass (me) (in the unit of bare
electron mass) along the x direction as function of κeff .
employed here induces a small in-plane strain, which is insuf-
ficient to induce any noticeable hybridization changes. This
can also be co-related with the strain gradient induced polar-
ization which is small in the case of C ZNRs. The effect of a
strain gradient on C ZNRs hole (mh) and electron me effec-
tive masses is shown in Figure 7(b) and (c) and both mh and
me mostly remain unchanged.
The situation is different for CH, CF and CHF ZNRs, where
electronic properties are sensitive to C-H, or C-F out of plane
bonds as well. For the flat CH ZNRs the band gap is about
3.47 eV, where both VBM and CBM originate mainly from
carbon atoms as shown in Figure 6(b). As the CH ZNR is bent,
initially the band gap starts to decrease at a slower rate and
as the bending exceeds 0.0025 A˚−1 the band gap decreases
sharply as shown in Figure 7(a). Overall, within the κeff range
explore here the band gap of CH ZNRs is reduced by ∼ 0.3
eV. In the case of CF and CHF ZNRs the band gap drops at
a much faster rate as a function of bending. This is because
for CH ZNRs the valence band maxima, originates from C
atoms, however for CF and CHF ZNRs the VBM shows a
strong hybridization between C and F atoms. When mechan-
ical bending is applied, the distance between C-F atoms in-
creases, which reduces the hybridization between C-F states,
leading to large splitting between the VB1 and VB2 states as
shown in Figure 6(b) and (c). The bending not only reduces
the band gap of CH, CF and CHF ZNRs but also reduces
FIG. 8. Variation in the iso-surface of partial charge densities for va-
lence bands at the VB1 and VB2 under κeff for (a) CH and (b) CHF.
The partial charge density of CF nanoribbons follows the same trend
as CHF nanoribbons with κeff . These are plotted at the iso-surface
value of 0.0005 eV/A˚3. VB1 and VB2 are marked in Figure 6.
the hole effective masses as shown in Figure 7(b), whereas
the electron effective mass remains mostly unchanged (Fig-
ure 7(c)).
The variation of valence band partial charge density at VB1
and VB2 at Γ-point (marked in Figure 7) is shown in Fig-
ure 8(a)-(b) for CH and CHF, respectively. Using mechan-
ical bending as an external perturbation the distribution of
these charges can be tuned together with the electronic prop-
erties60,61. In the case of CH ZNRs at zero κeff the charge
carriers in both VB1 and VB2 states are delocalized over the
entire ribbon width. With the increase in κeff the charges of
VB1 bands are localized towards the right edge of the ZNR.
At the same time the charge density more or less remains
distributed over the entire ribbon width for VB2. A differ-
ent trend is observed for CF and CHF ZNRs. As shown in
Figure 8(b), even at zero κeff the partial charges in the CHF
ZNRs are delocalized along the right edge and with increasing
κeff this edge charge delocalization becomes more prominent.
Also, the charge in the VB2 state are more delocalized along
the left edge. The large variation in the hole effective masses
under κeff for CH ZNRs can be explained on the basis of this
partial charge density. When charges are distributed over the
entire ribbons width the hole effective masses are larger. With
increasing κeff the charges get accumulated towards right edge
the effective mass decreases. At higher κeff , for VB1, all three
ZNRs exhibit similar partial charge density and therefore the
hole effective masses are comparable.
The dependence of bandgap on the ZNR width and number
of zigzag chains is also studied. This is shown in the supple-
mentary material Figure S1, along with the band structures of
corresponding monolayers (Figure S2). As can be seen with
the increasing width, the bandgap of all ZNRs decreases and
converges to the bandgap value of correspondingmonolayers.
For graphene ZNRs our results are in good agreement with
previous calculations of Son et. al. 78.
8IV. DISCUSSION AND SUMMARY
Our extensive first-principles calculations unveil a signifi-
cant out of plane flexoelectricity in functionalized graphene
ZNRs which is comparable to the recently reported values
for monolayer transition metal dichalcogenides54,71. We pre-
dict that flexoelectricity in hydro-fluorinated graphene ZNRs
(CHF) is three times larger than that of CF ZNRs. This
large enhancement in flexoelectricity is mainly facilitate by
the large electro-negativity difference between H and F which
breaks the structural and charge symmetry. By analyzing the
electronic structure as a function of κeff we find that for the
functionalized ZNRs the hole effective mass can be reduced
by ∼ 10%, whereas the electron effective mass mostly re-
mains unchanged.
Previous reports have shown that single side H or
F functionalization can induced strong piezoelectricty in
graphene46,48,49 and silicene79 monolayers. These could natu-
rally also be an interesting avenue for tuning the flexoelectric
properties. Our calculations for single side H functionalized
graphene ZNR, predict a Fzyzy value of 0.053 nC/m which is
higher than the value (0.035 nC/m) obtained for double side
functionalized graphene (CH) ZNR. Although, we do not ex-
plicitly calculate properties for single side F functionalized
C ZNRs, based on the trend observed for H functionalized
ZNRs, relatively higher flexoelectric properties can be antic-
ipated. Similarly, oxygen functionalized graphene ZNRs are
also expected to show good flexoelectric properties. More-
over the ever growing interest in Janus 2D materials where in-
trinsically a local dipole moment is present due to symmetry
breaking could provide an exciting platform for low dimen-
sional flexoelectricity.
The main highlight of the above results is that the flexo-
electric properties of many low dimensional materials could
be significantly improved by simple functionalization, which
is readily achievable in experiments. Additionally, the bend-
ing scheme proposed here could be realized via mechanical
bending, or can be introduced during the growth. These re-
sults open new opportunities to take advantage of the unique
mechanical bending of low dimensional materials not only
to investigate their flexoelectric properties, but also to tune
their physical properties such as band gap and effective
masses. With the recent experimental advances in the growth
of graphene nanoribbons 80, we believe that our findings
will stimulate future experimental exploration of flexoelectric
properties of these and other similar compounds.
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